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Numerous efforts have been devoted to the development of optical molecular chemosensors for these anionic species, especially during the last decade. 2 Among the emerging fluorescent or chromogenic molecular chemosensors for phosphate-containing derivatives, those based on transitionmetal complexes have grown rapidly since 2002. [3] [4] [5] [6] [7] [8] [9] [10] [11] Metalbased sensing systems use metal-ligand interactions for the recognition of target anions, and thus result in high selectivity, a large binding constant and good solubility in aqueous solution when used for sensing. Because a strong binding preference between lanthanide and phosphate is known, coordinatively unsaturated lanthanide complexes have been successfully employed as specific [12] [13] [14] or differential 15 optical chemosensors for phosphate-containing anions. Herein, we report on a new type of lanthanide-containing hybrid cluster complex, which has exhibited highly selective UV/Vis absorption and fluorescence emission toward phosphate-containing anions. Different species of phosphate-containing anions, such as phosphate, pyrophosphate, AMP, ADP, ATP, DNA and RNA, have been distinguished by their independent spectroscopy responses. This has promised the developed chemosensor a possibility for potential application in the optical tracking of some important biological single-molecule reactions, such as the hydrolysis of ATP, where the components involved are all phosphatecontaining anions.
We have recently synthesized a [2Fe-2S] cluster-containing functional dye, Na5[(µ-S)2Fe2]HQSAC (compound 1), as a differential colorimetric chemosensor for transition metals. 16 Accordingly, we prepared an europium(III)-containing hybrid cluster, Eu[(µ-S)2Fe2]HQSAC (compound 2) (Scheme 1), by a reaction of compound 1 with equimolar europium chloride in an aqueous solution.
Bearing a coordinatively unsaturated lanthanide center, compound 2 was supposed to serve as a receptor for inorganic chelating anions. It was learned that the conformation of the [2Fe-2S] cluster would be variable when different metal species were bound onto its di-sulfur anions. 17 We thus expected that the binding of target anions onto compound 2 would change the conformation of the hybrid cluster, and thus result in new spectral responses.
The UV/Vis spectra of buffered solutions of compound 2 were tested when titrated with standard solutions of different anions, respectively. As shown in Fig. 1 , rapid color shifts from pink (λmax at 521 nm, 1.53 × 10 4 M -1 cm -1 ) to poor yellow (λmax at 491 nm, 5.55 × 10 3 M -1 cm -1 ) and deep blue (λmax at 638 nm, 1.34 × 10 4 M -1 cm -1 ) occurred after the addition of phosphate and pyrophosphate, respectively, while other anions, including F -, Cl -, Br -, I -, SCN -, NO3 -, SO3 2-, SO4 2-, HCO3 -, C2O4 2-, NO2 -and HPO2 -, induced no spectral changes in the sensing solution. This high selectivity was attributed to the known favorable interaction between phosphate and Eu 3+ ions. Further study revealed that the color change occurred only when the molar ratio of phosphate to compound 2 exceeded 1:1, but this was not required in the case of pyrophosphate. When excessive phosphate was added, the sensing solution of compound 2 exhibited the same spectrum as that of compound 1 at equal concentration. It was concluded that the chelating ligand 1 was replaced from the Eu III -center by the incoming phosphate anions, as described by the following reactions:
The condition association constants for the coordination of the first (K1) and second phosphate anion (K2) were obtained by four independent colorimetric titration experiments in aqueous solutions buffered at pH 7.40 with 0.005 M Tris-HCl. As for pyrophosphate, it was explained that a conformation variation occurred on the Eu(III)-containing cluster center when the vacant coordination sites were occupied by the incoming anions, which resulted in a corresponding color shift. The condition association constant for the formation of 2-pyrophosphate was determined to be (4.36 ± 0.25) × 10 4 by UV/Vis absorption. Figure 2 shows the UV/Vis spectra of sensing solutions containing compound 2 titrated with standard solutions of phosphate and pyrophosphate, respectively. The concentrations of phosphate and pyrophosphate could be determined down to a level of 10 -6 M, respectively. To evaluate further applications in biochemical assays, the influence of mixed coexisting anions was examined by absorption assays. Only a 5 -10% variation in the absorbance was observed in the determination of phosphate and pyrophate anions at a concentration level of 10 -6 M. Thus, a relatively high tolerance of coexisting anions was obtained when the developed chemosensor was applied to the determination of phosphatecontaining anions. The spectral responses of compound 2 towards derivatives of nucleotide were also studied. Figure 3 shows the absorption and fluorescence spectra of solutions of compound 2 in the presence of 5′-AMP, 5′-ADP, 5′-ATP, DNA and RNA, respectively. Differential absorption spectra were obtained when these anionic species were added (Fig. 3a) . Since the nucleosides have no absorption in the visible region, these new absorption spectra were thought to be induced by coordination of the phosphate-containing anion frameworks onto the lanthanide center. That is, in a manner similar to that of pyrophosphate, a conformation variation occurred on the Eu(III)-containing cluster center when the vacant coordination sites were occupied by nucleotide derivatives, which resulted in a corresponding variation of the absorption spectra. During this process, the electron state of the Eu(III) enter metal ions varied with the different incoming chelating anions. This was proved by the fluorescence spectra.
As shown in Fig. 3b , compound 2 exhibited a fluorescence emission of 8-hydroxy-5-sulfo-7-quinoline with a maximal emission at 440 nm, while no narrow-peak emission of Eu 3+ was observed in the long-wavelength band. The multi-peaks appearing at 200 -400 nm in the excitation spectra indicated that compound 2 was excited to the Eu(III)-dominated excited state, and the fluorescence of compound 2 in aqueous solution was thought to have resulted from a photophysical process of metal-to-ligand energy transfer (MLET). When the electron state of the Eu center ions was varied by incoming chelating anions, new excitation spectra were expected. Thus, differential fluorescence excitation spectra of aqueous solutions of compound 2 induced by the presences of AMP, ADP, ATP, and nucleic acids, were explained. Herring sperm DNA and calf thymus DNA were tested in our experiments; no difference was observed in the recorded fluorescence excitation spectra. Thus, the base effect was excluded from the cause of the differentiation in the fluorescence spectra of compound 2 reacted with DNA and RNA. It was proposed that the hydroxyl of β-D-ribose of RNA was stereochemically accessible to cooperatively chelate the Eu 3+ center with the 3′-phosphate residue. As for DNA, only the 3′-phosphate residue acted as a chelating group. This was regarded as being the main cause of the fluorescence differentiation of compound 2 towards DNA and RNA.
